In this paper, the state-of-the-art regarding the "Theory of Plastic Mechanism Control" (TPMC) is presented. TPMC is aimed at the design of structures assuring a collapse mechanism of global type. The theory has been developed in the nineties with reference to moment-resisting steel frames (MRFs) and progressively extended to all the main structural typologies commonly adopted as seismic-resistant structural systems. In particular, the outcome of the theory is the sum of the plastic moments of the columns required, at each storey, to prevent undesired failure modes, i.e. partial mechanisms and soft-storey mechanisms. The theory is used to provide the design conditions to be satisfied, in the form of a set of inequalities where the unknowns are constituted by the column plastic moments. Even though the set of inequalities was originally solved by means of an algorithm requiring an iterative procedure, now, thanks to new advances, a "closed form solution" has been developed. This result is very important, because the practical application of TPMC can now be carried out even with very simple hand calculations. In order to show the simplicity of the new procedure, numerical applications are herein presented in detail with reference to Moment Resisting Frames (MRFs) and dual systems both composed by Moment Resisting Frames and Eccentrically Braces Frames (MRF-EBFs) with inverted Y scheme and composed by Moment Resisting Frames and Concentrically Braced Frames (MRF-CBFs) with X-braced scheme and V-braced scheme. Finally, the pattern of yielding obtained is validated by means of both push-over analyses and incremental dynamic analyses. A comparison in terms of structural weight of the designed structures is also presented and the corresponding seismic performances are discussed.
INTRODUCTION
A fundamental principle of capacity design of seismicresistant structures is that plastic hinge formation in columns during an earthquake should be avoided, in order to make sure that the seismic energy is dissipated by the preselected dissipative zones only. Therefore, the optimization of the energy dissipation capacity of structures is achieved when a collapse mechanism of global type is developed [1] [2] [3] .
In particular, it is not desirable to develop plastic hinges in columns, because columns have to support upper storeys and because columns are hard to develop large inelastic deformations. Therefore, in order to decrease the probability of plastic hinge formation in columns different simplified design criteria have been proposed [4] [5] [6] [7] [8] [9] [10] and also codified in Eurocode 8 [11] and ANSI/AISC 341-10 [12] . With reference to the most common structural typologies, design rules suggested by actual seismic codes, among which also the new Italian seismic code [13] , are not able to assure the development of a global collapse mechanism. In fact, the hierarchy criteria provided by such codes constitute, dealing with column design, only a simplified application of the well-known capacity design principles. Such principles address the seismic energy dissipation in structural parts having high local dissipation capacity, namely dissipative zones, which are designed to resist the internal actions arising from seismic loads. Conversely, all the other structural parts, namely non-dissipative zones, need to be designed to remain in elastic range under destructive seismic events too, being proportioned on the basis of the maximum internal actions that dissipative zones are able to transmit in their ultimate conditions.
For this reason, with reference to MRFs, a rigorous design procedure based on the kinematic theorem of plastic collapse was presented in 1997 [14] aiming to guarantee a collapse mechanism of global type where plastic hinges develop at the beam ends only, while all the columns remain in elastic range. Obviously, exception is made for base section of first storey columns, leading to a kinematic mechanism. Starting from this first work, the "Theory of Plastic Mechanism Control" (TPMC) has been progressively outlined as a powerful tool for the seismic design of steel structures. TPMC consists in the extension of the kinematic theorem of plastic collapse to the concept of mechanism equilibrium curve and on its application devoted to column design. In fact, for any given structural typology, the design conditions to be applied in order to prevent undesired collapse mechanisms can be derived by imposing that the mechanism equilibrium curve corresponding to the global mechanism has to be located below those corresponding to all the other unde-sired mechanisms up to a top sway displacement level compatible with the local ductility supply of dissipative zones.
Starting from the first work devoted to MRFs, TPMC was successively extended to MRFs with semi-rigid connections [15] , EB-Frames [16] [17] [18] , braced frames equipped with friction dampers [19] , knee-braced frames [20] , dissipative truss-moment frames DTMFs [21, 22] and MRF-CBF dual systems [23] [24] [25] [26] .
Starting from the above background, in this paper the state of the art regarding the "Theory of Plastic Mechanism Control" is reported. In particular, by means of new considerations regarding collapse mechanism typologies, new advances have been developed leading to a closed form solution [27] . The design conditions to be satisfied to prevent undesired collapse mechanisms can now be solved without any iterative procedure, so that the unknowns of the design problem, i.e. column sections at each storey, can now be directly derived even with very simple hand calculations.
Moment Resisting Frames (MRFs) are the most common seismic-resistant structures. They are characterized by high dissipation capacity, because of the large number of dissipative zones under cyclic bending represented by the beam end sections. Nevertheless, such structural system could be not able to provide sufficient lateral stiffness, as required to fulfil serviceability limit states. Conversely, Concentrically Braced Frames (CBFs) provide the best solution regarding the limitation of the inter-storey drift demands under seismic events having a return period comparable with the lifetime of the structure, because they provide the maximum lateral stiffness when compared with any other structural typology. Nevertheless some uncertainty arises about the adequacy of such structures to assure collapse prevention under severe seismic actions by undergoing large excursions in the nonlinear range (i.e. the fulfilment of ultimate limit state requirements), because they are penalized by the occurrence of buckling of bracing members in compression which governs the shape of the hysteresis loops of such dissipative zones [28, 29] .
Finally, Eccentrically Braced Frames (EBFs) are hybrid systems that combine the high lateral stiffness of concentrically braced frames with the ductility and capability of dissipating the seismic energy of moment resisting frames [3] . In case of EBFs, at least one end of the bracing members is connected to the beam so as to form a segment in the beam called seismic link, subjected to high shear actions combined to bending, dissipating the earthquake input energy.
As an alternative to the basic seismic-resistant structural typologies, MRF-CBF and MRF-EBF dual systems constitute a rational combination solution leading to a design able to satisfy both the ultimate limit state requirements and the serviceability limit state requirements. In fact, the exploitation of the dissipative capacity of the beam ends, of the lateral stiffness provided by the diagonals of the braced part and of the dissipation capacity of link elements allow to obtain high global ductility and limited inter-storey drifts, so that both the ultimate and serviceability limit state requirements can be easily satisfied. Notwithstanding, in order to obtain high global ductility, the need to control the location of dissipative zones, i.e. the control of the failure mode, is still of primary importance.
In this work, a detailed description of the proposed design methodologies, based on TPMC, aimed at the failure mode control is reported by means of worked examples also. The design procedure has been applied with reference to an eight storeys building constituted by different perimeter seismic resistant structures: MRFs, MRF-EBF dual systems with inverted Y scheme, MRF-CBF dual systems with Xbraced and V-braced scheme. In addition, in order to show the accuracy of the design procedure, push-over analyses have been carried out for the analysed structures by means of SAP 2000 computer program [31] . Finally, the validation of the proposed design procedure applied to the 4 seismic resistant structures is also carried out by analysing the seismic response of the designed structures by means of non-linear dynamic analyses carried out with reference to the same structural models already adopted for push-over analyses. Finally a comparison in terms of structural weight of the designed structures and the corresponding seismic performances are discussed.
THEORY OF PLASTIC MECHANISM CONTROL

Basic Principles
The starting point of TPMC is the examination of the possible mechanisms that structures under seismic actions can exhibit, i.e. when they are subjected to a system of horizontal forces (Fig. 1) . It is possible to recognise three main collapse mechanism typologies the structure is able to exhibit. These mechanisms (type 1, type 2 and type 3) have to be considered undesired, because they do not involve all the dissipative zones. In particular, the aim of TPMC is the development of an energy dissipation mechanism characterized by the involvement of all the dissipative zones. These dissipative zones are typically constituted by the beam ends, the link ends and the diagonal braces, depending on the structural typology (Fig. 1) . Therefore, the global mechanism, representing the design goal, is a particular case of type 2 mechanism involving all the storeys. Such global mechanism can be achieved by means of a design procedure whose robustness is based on the kinematic theorem of plastic collapse and on its extension to the concept of mechanism equilibrium curve which allows to account for second order effects also.
The theory of plastic mechanism control, originally proposed by Mazzolani and Piluso [14] , is based on the upper bound theorem of plastic collapse extended to the concept of mechanism equilibrium curve. Before then, rigid-plastic analysis was used only for the computation of the collapse load multiplier of structures completely defined from the mechanical point of view, i.e. structures already designed, whose load carrying capacity was under investigation. Conversely, to the best of authors knowledge, thanks to TPMC rigid-plastic analysis was for the first time recognised as a useful tool for seismic design of structures.
In particular, TPMC allows the theoretical solution of the problem of designing structures failing in global mode, i.e. assuring that yielding develops only in the dissipative zones while all the columns remain in elastic range with the only exception of base sections at first storey columns. The structural members containing the dissipative zones are assumed to be known quantities, because they are preliminarily designed, according to the first principle of capacity design, to withstand the internal actions due to the load combinations given by code provisions. Therefore, according to the second principle of capacity design, the unknowns of the design problem are constituted by the non-dissipative members, i.e. the column sections, which are designed assure the desired collapse mechanism, i.e. the global mechanism. Compared to hierarchy criteria given in code provisions, TPMC allows a rigorous application of the second principle of capacity design.
TPMC is based on the kinematic or upper bound theorem of plastic collapse within the framework of limit analysis. According to the theory of limit analysis, the assumption of a rigid-plastic behaviour of the structure until the complete development of a collapse mechanism is usually made. It means that the attention is focused on the condition the structure exhibits in the collapse state by neglecting the lateral displacements corresponding to each intermediate condition.
However, the simple application of the kinematic theorem of plastic collapse is not sufficient to assure the desired collapse mechanism, because high horizontal displacements occur before the complete development of the kinematic mechanism. These displacements give rise to significant second order effects which cannot be neglected in the seismic design of structures, particularly in case of moment-resisting steel frames. Therefore, the basic principle of TPMC is essentially constituted by the extension of the kinematic theorem of plastic collapse to the concept of mechanism equilibrium curve. As a consequence, the design conditions to be fulfilled in order to avoid all the undesired collapse mechanisms require that the mechanism equilibrium curve corresponding to the global mechanism has to be located below those corresponding to all the undesired mechanisms within a top sway displacement range compatible with the ductility supply of structural members [14] [15] [16] [17] [18] [19] [20] [21] [22] .
Mechanism Equilibrium Curves
Within the framework of a kinematic approach, for any given collapse mechanism, the mechanism equilibrium curve can be easily derived by equating the external work to the internal work, due to the dissipative zones involved in the collapse mechanism, provided that the external second-order work due to vertical loads is also evaluated [2, 14] .
Regarding the beams, it is preliminarily useful to remember that when the following limitation is satisfied [14] : (1) where is the uniform vertical load applied to the beam of j-th bay and k-th storey, is the corresponding beam plastic moment and is the j-th bay span, beam plas-tic hinges develop only at the beam ends. Conversely, it can be demonstrated [14] that, in case of vertical loads exceeding the above limit, the first plastic hinge in the beam develops at the end where the bending moments due to gravity loads and to seismic forces have the same sign (hogging moments) while the second plastic hinge in the beam develops in an intermediate section whose abscissa is given by , so that the external work due to the uniform vertical loads has also to be considered.
As an example, in the case of global mechanism the external work due to a virtual rotation of columns plastic hinges is given by: (2) where is the multiplier of horizontal forces, and are, respectively, the seismic force applied at k-th storey and the k-th storey height with respect to the foundation level, is the value of at the top storey, is the top sway displacement and is the total vertical load acting at k-th storey.
The first term of Eq. (2) represents the external work due to seismic horizontal forces. The second term is the second order work due to vertical loads which can be easily derived taking into account that the vector of vertical virtual displacements has the same shape of the one of horizontal displacements [14] , being in case of global mechanism: (3) where is the vertical virtual displacement occurring at k-th storey.
In the case of a global mechanism, the internal work due to a virtual rotation of column plastic hinges can be written as: (4) where is the plastic moment of i-th column of k-th storey (k=1 in this case) reduced due to the contemporary action of the axial force;
is the internal work due to the dissipative zones located in the j-th bay of k-th storey, to be evaluated depending on the structural typology as it will be discussed in the following; , and are the number of columns, bays and storeys, respectively.
By equating the internal work to the external one, the following relationship is obtained:
From this equation, it is immediately recognized that the mechanism equilibrium curve is a straight line which can be generally expressed in the form: (6) where is the kinematically admissible multiplier of horizontal forces according to first order rigid-plastic analysis and is the slope of the mechanism equilibrium curve [2, 14] .
In the case of global mechanism, as shown in Fig. (1) , the kinematically admissible multiplier of horizontal forces is given by:
Regarding the slope of the mechanism equilibrium curve, it is given by [2, 14] : (8) The parameters of the mechanism equilibrium curves for type-1, type-2 and type-3 mechanism typologies are derived in a similar way.
With reference to th mechanism of type-1, the kinematically admissible multiplier of seismic horizontal forces, for is given by:
where is the term due to the internal work of links or diagonal braces at first storey, occurring in case of MRF-EBF and MRF-CBF dual systems, being in case of MRFs.
Similarly, for , the kinematically admissible multiplier of seismic horizontal forces is given by: (10) while the slope of the mechanism equilibrium curve is [2, 14] : (11) With reference to th mechanism of type-2, the kinematically admissible multiplier of seismic horizontal forces is given by: (12) while the slope of the mechanism equilibrium curve is [2, 14] :
It is useful to note that, for =1 Eq. (12) and Eq. (13) are coincident with Eq. (7) and Eq. (8), respectively, because in such case the mechanism is coincident with the global one.
Finally, with reference to th mechanism of type-3, the kinematically admissible multiplier of horizontal forces, for , is given by: (14) where is the term due to the internal work of links or diagonal braces at first storey, occurring in case of MRF-EBF and MRF-CBF dual systems, being in case of MRFs; and, for , is given by: (15) where is the term due to the internal work of links or diagonal braces at i m -th storey, occurring in case of MRF-EBF and MRF-CBF dual systems, being in case of MRFs.
In addition, the corresponding slope of the mechanism equilibrium curve is given by [2, 14] : (16) It is important to underline, on one hand, that the slope of the mechanism equilibrium curve is independent of structural typology as it is related only to the magnitude of vertical loads and the collapse mechanism typology and index and, on the other hand, that for any given geometry of the structural system, the slope of mechanism equilibrium curve attains its minimum value when the global type mechanism is developed [2] . This second issue assumes a paramount importance in TPMC allowing to exploit the extension of the kinematic theorem of plastic collapse to the concept of mechanism equilibrium curve.
In fact, according to the kinematic theorem of plastic collapse, extended to the concept of mechanism equilibrium curve, the design conditions to be fulfilled in order to avoid all the undesired collapse mechanisms require that the mechanism equilibrium curve corresponding to the global mechanism has to be located below those corresponding to all the undesired mechanisms within a top sway displacement range, , compatible with the ductility supply of structural members ( Fig. 2 Eq. (17) constitutes the statement of the theory of plastic mechanism control and it is valid independently of the structural typology. This is the reason why TPMC has been applied with success to MR-Frames, EB-Frames, knee braced frames, MRF-CBF and MRF-EBF dual systems and to dissipative truss-moment frames. Therefore, TPMC really constitutes a general approach to the seismic design of structures aiming to the control of the collapse mechanism. The robustness of the theory is founded on the kinematic theorem of plastic collapse and on second-order rigid-plastic analysis.
Conversely, hierarchy criteria commonly suggested in modern seismic codes often do not exhibit any sound theoretical basis. As an example, the beam-column hierarchy criterion, suggested for the column design of MR-Frames, is merely based on the joint equilibrium occurring when the beam ends are yielded and strain-hardened up to their ultimate limit state, but no information can be theoretically derived about the distribution of bending moments between the columns converging in the joint. As a consequence, beamcolumn hierarchy criterion can only be an approximate application of the second principle of capacity design.
Regarding the internal work due to the dissipative zones of j-th bay of k-th storey, it has to be computed accounting for the features of the structural typology, as briefly summarised in Table 1.   In such table, represents the ultimate resistance of the yielded tensile diagonal of j-th braced bay and k-th storey and the corresponding axial plastic elongation due to a unit virtual rotation of the plastic hinges of first storey columns;
is the post-buckling axial resistance of compressed diagonal computed as corresponding to the design ultimate plastic top sway displacement and is the corresponding axial shortening due to a unit virtual rotation of the plastic hinges of first storey columns; is the equivalent plastic moment of the link of j-th braced bay and k-th storey accounting for moment-shear interaction when needed [17] and is the corresponding link length.
Column Design Requirements to Prevent Undesired Collapse Mechanisms
The design conditions that column sections have to satisfy in order to prevent the undesired failure modes can be derived by the direct application of TPMC, i.e. by explicating the design conditions given by Eq. (17) as functions of the unknowns column plastic moments.
To this aim, the following notation is introduced: (18) which represents, in case of global mechanism and for a unit virtual rotation of column plastic hinges, the internal work due to the dissipative zones, (19) which represents, in case of global mechanism and for a unit virtual rotation of column plastic hinges, the external work due to the uniform loads acting on the beams. These parameters are known quantities, because both cross-sectional properties of dissipative zones and vertical loads are input data of the design problem.
Similarly, with reference to the th type-1 mechanism, also the following non-dimensional functions are introduced:
The function is the ratio between the internal work which the dissipative zones develop in the th mechanism of type-1 and that developed in the global mechanism, while the function is the ratio between the external work which the horizontal forces develop in the th type-1 mechanism and that developed in the global mechanism, the ratio between the external work due to the uniform vertical loads acting on the beams in the th mechanism of type-1 and the one corresponding to the global mechanism. These functions are known, since both cross-sectional properties of dissipative zones and horizontal forces are known.
By substituting the values of , , , in Eq. (17) and by introducing the notation corresponding to Equations (18) (19) (20) (21) (22) , the design conditions to prevent type-1 collapse mechanisms lead to the following requirements for the sum of the reduced plastic moment of columns at each storey: (23) where, the influence of second order effects is accounted for by means of the following function: (24) representing the ratio between the slope of the equilibrium curve of the th mechanism of type-1 and that of the global mechanism. Equation (23) has to be applied for . In fact, for the type-1 mechanism become coincident with type-3 mechanism, so that following requirement for designing the first storey columns is obtained: (25) Similarly, the design conditions to be satisfied in order to avoid type-2 mechanisms can be written in the following form: (26) where the following non-dimensional functions have been introduced: (27) (28) (29) (30) which represent known functions of the mechanism index . In particular, is the ratio between the internal work due to the dissipative zones in the th mechanism of type-2 and the one developed in the global mechanism;
is the ratio between the external work due to horizontal forces in the th mechanism of type-2 and the one developed in the global mechanism;
is the ratio between the external work due to the uniform vertical loads acting on the beams, in the th mechanism of type-2, and the same work developed in the global mechanism; finally, is the ratio between the slope of the equilibrium curve of the th mechanism of type-2 and that of the global mechanism. Equation (26) has to be applied for , because for type-2 mechanism is coincident with the global mechanism.
Finally, the design conditions to be satisfied in order to avoid type-3 mechanisms can be expressed in the following form: (31) where the following non-dimensional functions have been introduced: (32) (33) (34) which represent known functions of the mechanism index . In particular, is the ratio between the internal work due to the dissipative zones in the th mechanism of type-3 and the one developed in the global mechanism;
is the ratio between the external work due to horizontal forces in the th mechanism of type-3 and the one developed in the global mechanism; finally, is the ratio between the slope of the equilibrium curve of the th mechanism of type-2 and that of the global mechanism.
It is useful to note that Eq.(31), for , provides:
which is coincident with Eq. (25), because for t=1 and and t=3 and the two collapse mechanisms are coincident, so that: (36) which represent known functions of the mechanism index .
TPMC was originally developed in nineties, so that the design conditions given by Eq. (17) do not constitute any new. However, the original work was devoted to MRFs only and based on an iterative procedure, so that the application of TPMC required the development of specific computer programs. The advances presented in this paper provide, on one hand, an unitary presentation dealing with MRFs, MRF-EBF dual systems and MRF-CBF dual systems and, on the other hand, provide a closed form solution starting from the observation that type-1 mechanism and type-3 mechanism for are coincident, while type-2 mechanism for is just the desired mechanism, i.e. the global one. Therefore, Eq. (25) or Eq. (35) can be used to design the first storey columns. As soon as the first storey columns have been designed, Equations (23), (26) and (31) provide, at all the other storeys, the column sections required to avoid any undesired collapse mechanism. The resulting design procedure is now extremely simple and well suited even for hand calculations. The algorithm of the new procedure to design structures collapsing with a global mechanism is reported in Fig. (3) .
WORKED EXAMPLE
The design procedure briefly summarized in Fig. (3) has been applied to design a building, whose geometrical scheme is depicted in Fig. (4) , with reference to four different structural seismic-resistant systems. The structural typologies herein investigated are a MR-Frame, two MRF-CBF dual systems, one with X-braces and one with V-braces, respectively, and a MRF-EBF dual system with inverted Y-scheme.
Reference is made to a residential building. The characteristic values of dead and live loads are, respectively, equal to and . The design values of horizontal seismic forces have been derived with reference to the design spectrum for stiff soil conditions suggested by Eurocode 8 for stiff soil conditions (soil type A) and by assuming a behaviour factor, , equal to 6 for the MR-Frame and for the MRF-EBF dual system and equal to 4.8 for the MRF-CBF dual systems. The material adopted for the structure is steel grade S275. With reference to the perimeter frame pointed out in Fig. (4) , the analysed structural schemes are shown in Fig. (5) .
The beam sections resulting from the design procedure are delivered in Table 2 .
Regarding the bracing members of MRF-CBF dual systems, they have been considered as dissipative members and have been designed to withstand the whole seismic design forces. This criterion is justified considering that it is the most efficient way to reduce interstorey drifts as required to fulfil also serviceability limit state requirements. In particular, in the case of MRF-CBF dual system with X-braces, only the tensile diagonals are considered active to evaluate their design axial forces, whereas, in the case of MRF-CBF dual system with V-braces both tensile and compressed diagonal are considered to withstand the horizontal seismic forces. The slenderness limitation required by Eurocode 8 [11] have been also considered.
Concerning the diagonal members of the MRF-EBF dual system with inverted Y-scheme, they have to be considered non dissipative members, so that they have been designed to withstand the axial forces transmitted by the yielded and strain-hardened links in their ultimate conditions. In addition such diagonal members have to be also checked against both in-plane and out-of-plane buckling. The sections of diagonal members selected from CHS standard shapes are reported in Table 3 .
Finally, with reference to the MRF-EBF dual system with inverted Y-scheme, link sections have been dimensioned to withstand the whole storey seismic shear. Only short links have been adopted [11, 17] . The sections selected from standard shapes are provided in Table 4 .
Finally, the column sections needed to prevent undesired collapse mechanisms have been derived by means of the design procedure briefly summarized in Fig. (3) . The resulting column sections are delivered in Table 5 .
Theory of Plastic Mechanism Control: State-of-The-Art
The Open Construction and Building Technology Journal, 2014, Volume 8 269 Fig. (3) . Design algorithm of TPMC. Fig. (4) . Plan layout of the analysed buildings. Fig. (5) . Structural schemes of the analysed perimeter frames. 
VALIDATION OF THE DESIGN PROCEDURE
In order to validate the design procedure, both static non linear analyses (push-over) and incremental dynamic nonlinear analyses have been carried out by means of SAP 2000 computer program, to investigate the actual seismic response of the designed frame. These analyses have the primary aim to confirm the development of the desired collapse mechanism typology and to evaluate the obtained energy dissipation capacity, testing the accuracy of the proposed design methodology. In addition, by means of a specifically developed post-processor, out-of-plane stability checks of compressed members have been performed for each step of the nonlinear analysis. Second order effects due to vertical loads have been accounted for, including also second order effects due to the inner part of the building having gravity columns. To this aim a leaning column has been included in the model (Fig. 5) .
Structural members have been modelled by means of nonlinear elements. More precisely, beams and columns have been modelled using beam-column elements with the possibility of developing plastic hinges at their ends. The interaction between axial force and bending moment has been accounted for by means of the relevant M-N plastic domain. A rigid perfectly plastic behaviour has been assumed for such hinges.
Diagonal braces of MRF-CBF dual systems have been modelled accounting both for the possibility of yielding in tension and for the occurrence of buckling in compression. To this aim diagonals have been modelled by means of two beam-column elements whose common intermediate node has an initial displacement properly evaluated to model the effects of geometrical and mechanical imperfections. In particular, the magnitude of such equivalent geometrical imperfection has been computed according to the corresponding buckling curve of Eurocode 3 [30] . Moreover, flexural yielding of diagonal members due to buckling has been modelled by means of fiber plastic hinge elements.
As the diagonal braces of the MRF-EBF dual system are designed to guarantee that buckling is prevented, they have been modelled by means beam-column elements with the possibility of developing plastic hinges at their ends.
In Fig. (6) , the push-over curves providing the horizontal force multiplier versus the top sway displacement obtained from the nonlinear analyses are depicted. In addition, two straight lines corresponding, respectively, to the linear elastic analysis and to the global mechanism equilibrium curve are also plotted. The comparison between the linearised mechanism equilibrium curves and the softening branch of the push-over curves provides a first confirmation about the accuracy of the design methodology.
Moreover, in Fig. (7) the pattern of yielding developed at the design ultimate top sway displacement is depicted. Plastic hinges occurring in beams and columns are pointed out and the yielding of diagonals in tension and buckling of compressed ones are also properly represented.
The most important validation of the proposed design procedure regards the check of the fulfilment of the design goal, given by the yielding of all the dissipative elements according to the collapse mechanism of global type. In fact, plastic hinges in columns develop only at the base of the first storey. Even though the collapse mechanism is not completely developed when the ultimate design top sway displacement is reached, the pattern of yielding is in perfect agreement with the global mechanism.
A great number of structural schemes have been analysed, with different number of storeys and different geometrical configurations. The push-over analyses have always confirmed the results which are, for sake of shortness, herein illustrated with reference to one scheme only for each structural typology.
Aiming to provide a further validation of the proposed design procedure, the seismic response of the designed structures has been investigated by means of nonlinear dynamic Fig. (6) . Behavioural curves of the designed frames and comparison with the corresponding bilinear approximation.
analyses carried out using SAP2000 computer program [31] considering the same structural models already adopted for push-over analyses. Fig. (7) . Developed pattern of yielding.
The modelling of the cyclic response of braces of MRF-CBF dual systems results from the cyclic response of the fiber plastic hinge element located at the their mid-span where, as already stated, also an initial imperfection is provided to model the occurrence of buckling. In order to show the accuracy of the modelling of cyclic behaviour of diagonal braces by means of the fiber model of SAP 2000 computer program [31] , in Fig. (8) [36] the comparison between the predicted cyclic response and the experimental test results has been carried out with reference to a specimen tested in [32] [33] [34] [35] .
Fig. (8).
Comparison between experimental and theoretical curve.
Dealing with IDA analyses, the integration of motion equations has been carried out by means of Hilber-HughesTaylor -method. In addition, P-effects in large displacement formulation are also considered. Moreover, 5% damping according to Rayleigh has been assumed with the proportionality factors computed with reference to the first and the third mode of vibration. Finally, by means of a specifically developed post-processor, out-of-plane stability checks of compressed members have been carried out for each step of the analysis according to Eurocode 3 formulations [30] .
The results of such investigation are presented with reference to a deterministic analysis carried out considering the set of historical ground motion records reported in Table 6 . Incremental Dynamic Analyses (IDA) [37] , have been carried out by scaling all the records (Fig. 9) to provide increasing values of the spectral acceleration S a (T 1 ) corresponding to the fundamental period of vibration of the structure T 1.
Moreover, in Table 7 , for the four analysed structures, the vibration periods of the first 8 modes and the corresponding participation factors are delivered.
Dealing with seismic performance assessment, the IDA analyses have been carried out until the occurrence of one of the following limit states:
1) out-of-plane buckling of columns;
2) attainment of a plastic rotation demand, at the beam ends or at the link ends, equal or exceeding a given local ductility supply. Such local ductility supply has been assumed equal to 0.04 rad for the beam plastic hinges and equal to 0.14 rad with reference to the link ends. This last value (for MRF-EBF scheme) corresponds to a maximum interstorey drift equal to 0.023 rad;
3) attainment of a plastic rotation demand at the base of first storey columns exceeding a given local ductility supply; 4) fracture of diagonal braces (only in the case of CBF-MRF dual systems);
In Fig. (10) , the IDA curves providing the Maximum Interstorey Drift Ratio (MIDR) as a function of the spectral acceleration are reported for each examined structure. These curves appear regular and increasing for each structural typology and do not exhibit dynamic instability effects. In addition, the average collapse value in term of spectral acceleration and peak ground acceleration for each structure are reported in Table 8 for each ground motion. It is useful to note that the structure exhibiting the highest performance is the MRF-CBF dual system with X-braces, in terms of ultimate spectral acceleration, while is the MR-Frame, in terms of Peak Ground Acceleration.
Finally, in order to show the damage distribution, in Fig. (11) the Peak Interstorey Drift Ratios (PIDR) versus storey level are depicted for each structure designed by means of TPMC. These figures are referred to a spectral acceleration value very close to the one corresponding to the occurrence of the ultimate MIDR value. It is possible to observe that the distribution of damage is quite uniform; this is because the proposed procedure, leading to structures failing in global mode, assures that the drift demand does not concentrate in specific storeys. Fig. (9) . Ground motions spectra scaled to the same spectral acceleration at T = 0.93 s. A brief summary of results obtained by means of IDA analyses is provided in Table 8 where the values of both peak ground acceleration and spectral acceleration leading to the attainment of the assumed ultimate conditions are given. All the designed structural solutions provide excellent seismic performances because of the high values of the seismic intensity measure corresponding to the occurrence of ultimate conditions. This is due to the rigorous control of the plastic mechanism. However, it can be observed that, if reference is made to the spectral acceleration, the best seismic performance is obtained by means of MRF-CBF dual systems with the X-scheme providing an ultimate spectral acceleration value slightly greater than the one exhibited in the case of V-scheme. Conversely, the worst result is obtained in the case of MRF-EBF dual system, because the high local ductility demand occurring in link elements, despite their high capacity, does not allow the complete exploitation of the plastic reserves due to the moment-resisting part of the structural scheme.
Fig. (11). PIDR vs Storey level.
It is also interesting to point out that, if reference is made to the peak ground acceleration leading to ultimate conditions, the best seismic performance is gained by means of the MR-Frame, because, due to its high lateral deformability compared to dual systems, the increase of the period of vibration leads to a significant increase of the PGA value corresponding to the attainment of the spectral acceleration value leading to collapse.
STRUCTURAL WEIGHT AND ECONOMIC ISSUES
Finally, aiming to a more complete comparison between the considered design seismic resistant typologies, also some economic considerations can be made.
It is preliminarily assumed that the cost, , of Whole Structural System (WSS) is proportional to its weight, , by means of the factor : (37) (38) where the second index denotes the structural typology (i.e. the index MRF to identify the MR-Frame and the index DUAL to identify dual systems, either MRF-EBF or MRF-CBF both X-braced and V-braced).
From the above equations, the cost of whole structural system with respect to the building with seismic-resistant structural system based on MR-Frame can be expressed as: (39) According to the common design experience, it can be also assumed that the cost of the whole structural system represents a given percentage of the cost of the Whole Building (WB) depending on its intended use: (40) The cost of the Non Structural Components (NSC) is the difference between the cost of the whole building and the one of the whole structural system and it can be expressed as: (41) Such cost is independent of the structural typologies used as resisting system and, therefore, it is valid for all the buildings designed. As a consequence, by summing the cost of the structural part (39) to the cost of nonstructural components (41) , the cost of the whole building can be related to the one of the building with MR-Frame seismic-resistant structural system as follows:
In the examined study case, the weight of the Seismic Load Resisting System (SLRS) which includes all the 4 perimeter seismic resisting system as depicted in Fig. (4) , for each considered structural typology (MRF-EBF, MRF-CBF X-braced and V-braced), is reported in Table 9 where: is the ratio between the weight of the Seismic Load Resisting System (SLRS) for the dual sys-tem and the same weight when the seismic-resistant structural system based on MR-Frame is adopted; is the ratio between the weight of the whole structural system for the dual system and the same weight when the seismic-resistant structural system based on MR-Frame is adopted; is the ratio between the cost of the whole building (WB) for the dual system and the same weight when the seismic-resistant structural system based on MR-Frame is adopted. The cost of the whole building is computed using the same expression reported in Eq. (42) where the coefficient has been assumed equal to 0.30 as a typical value occurring for residential buildings in Italy. Table 9 points out that, in the examined case, the use of an MRF-EBF dual system with inverted Y-scheme as Seismic Load Resisting System leads to 26.0% decrease of structural weight with respect to the MR-Frame structure, while in case MRF-CBF dual systems it is possible to obtain a decrease in term of weight equal to 36.0% and 15.0% for Xbraced and V-braced schemes, respectively. However, as SLRS is only a part of whole structural system (WSS), such percentages reduce considering also the structural weight due to the Gravity Load Carrying Frames (GLCF), W GLCF = 675.5 kN, in the examined cases, as it is possible to note in Table 9 .
Regarding the decrease in term of cost of the whole building (WB) evaluated by means of Eq. (42) the reduction ranges from 3% in the case of MRF-CBF dual system with V-braced scheme to 6% in the case of MRF-CBF dual system with X-braced scheme.
CONCLUSION
In this paper, the Theory of Plastic Mechanism Control has been applied to different perimeter seismic resistant structures. In particular, the application of the proposed design approach has been presented with reference to a case study constituted by a three-bay eight-storey building. The accuracy of the design methodology has been primarily checked by means of push-over analyses whereas the definitive validation has been performed by means of Incremental Dynamic Analyses. The results obtained are in perfect agreement with the design goal, because the development of undesired partial mechanisms is prevented and the development of a global type mechanism is assured for each structural typology.
Both push-over and dynamic analyses show that structures designed according to TPMC are characterised by the possibility to withstand high values of the spectral acceleration. The value of the spectral acceleration corresponding to the collapse prevention limit state obtained for the analysed building is equal to 1.03 g for MR-Frame, 0.86 g for MRF-EBF dual system, 1.30 g for MRF-CBF X-braced and 1.14 g for MRF-CBF V-braced. These values are obtained with reference to buildings with the same geometrical scheme and design with the same criteria, i.e. by means of TPMC. Therefore, the differences resulting from the seismic response obtained can be attributed to the influence of the seismic resistant scheme only. In other words, the differences between the seismic performances obtained are due to the structural typology only. In particular, in terms of spectral acceleration the MRF-CBF X-Braced scheme exhibits the highest value while the MRF-EBF dual system shows the lowest value. This is due to the influence of the link rotational capacity which corresponds to a maximum interstorey drift equal to 0.023 rad and, therefore, less than the one (0.04 rad) which can be achieved when the plastic rotation capacity of beams can be fully exploited. Conversely, if reference is made to the peak ground acceleration, the best seismic performance is gained by means of the MR-Frame, because, due to its high lateral deformability compared to dual systems, the benefits coming from the increase of the period of vibration can be exploited.
The comparison in term of structural weight leads, in case of dual systems, to lighter structures if compared with the MR-Frame. This result is due to the need to fulfil serviceability requirements. Such need, in the case of the MRFrame, leads to the increase of beam sections and consequently also of the column sections required to assure the development of the desired collapse mechanism, i.e. the global one.
The above results do not have a general validity, because resulting from a preliminary investigation dealing with only one geometrical scheme. Therefore, the future developments of the research reported in this paper, dealing with structures designed by a common approach, i.e. TPMC, will need the extension of the comparison to a sufficient number of structural scheme, before gaining general conclusions.
In addition, it has to be recognized that seismic response of structures is highly affected by the frequency content of the ground motion, so that record-to-record variability has to be more accurately considered. Therefore, the future development of the work will require also the application of a probabilistic approach [38] [39] [40] [41] to evaluate the seismic reliability in terms of mean annual frequency of exceeding specified limit states. 
